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After acute coronary occiusion, systolic shortening in the 
ischemic myocardium ceases within seconds and is replaced 
by paradoxic systoliic expansion (I). However, in the remote 
nonischemic myocardium, increased shortening resuits in 
hyperfunction of normal myocardium, which may cornFen- 
sate for the ischemic dysfunction. This nonischemic hyper- 
function was previously reported in both animal models 
(2-10) and humans ! 1 l-16). However, not all studies found 
apparent hyperfunction in the nonischemic remote myocar- 
dium, indicating that this phenomenon does not always 
occur (17, IS). 
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The mechmistn for nonischemic hyperftmction is be- 
lieved tu be reiated to multiple simultaneously occurring 
events. The increase in left ventricular cavity dimension 
during ischemia results in a Frank-Starling effect, which acts 
to increase systolic shortening in nonischemic myocardium. 
In addition, alterations in regional intraventricuiar unloading 
from ischemic to conischemic arer; is further thought to 
contribute to this phenomenon (7-10). However, previous 
studies have not examined echocardiographic circumferen- 
tial functional relations associated with this phenomenon 
and have not compared separate groups of animals with and 
without augmented thickening in the nonischemic zone. 
In our experience, the vast rnajo~ity of animals demon- 
strate iegional hyperfunction in remote nonischtmic myo- 
cardium after left circumflex coronary artery occksiun. 
However, in approximately 20%. regional hyperfuncrion is 
not observed. In an effort to further characterize and exam- 
ine potential mechanisms of nonischemis regional hyper- 
function, we identified 1 I dogs without evidence of regional 
hyperfua~tion in the nonischemic zone and compared them 
*wifh a randomly selected group of I1 dogs with regional 
hyperfunction. Accordingly, the objectives of the present 
report were to 1) determine whether regional hyperfunction 
in the nonisc$emic zorle after coronary occlusion is associ- 
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ated with improved overall eft ventricu!ar performance: and 
2) characterize the hemodynamic, echocardiographic and
area at risk determinants of augmented regional function in 
this experimental model. 
Experimental procedures complied with the “Guiding 
Principles inthe Use and Care of Animals” approved by the 
Council of the American Physiological Society, as we!! as 
with state and federal laws. 
Animal model, Twenty-two male mongrel dogs weighing 
between 10 and 23 kg were studied. Each animal was 
anesthetized with sodium pentobarbital and underwent a left 
thoracotomy through the fifth intercostal space. Catheters 
were placed in the left internal jugular vein for fluid and drug 
administration, into the ascending aorta for measurpqent of 
mean aortic pressure and into the left atrium for suubequent 
injection of radioactive microspheres. The animals then 
underwent a limited right horacotomy to allow placement of 
the two-dimensional echocardiographic transducer directly 
on the heart, using the right ventricle as a standoff. A
proximal portion of the left circumflex coronary artery was 
isolated, and a snare occluder was placed around it. 
Experimental protocol: echocardiography. Two-dimen- 
sional echocardiograms were performed with a Diasonics 
3400R scanner and a 2.25 MHz transducer. Images were 
recorded on a videocassette, using a Panasonic recorder for 
later analysis. The two-dimensional echocardiographic 
transducer was placed through the limited right horacotomy 
directly onto the right ventricle, which served as a standoff 
to allow full visualization f circumferential extent of the left 
ventricle inthe short-axis projection. The left ventricle was 
scanned from the aortic valve to the apex in the short-axis 
projection, and the midpapillary muscle position was identi- 
fied. Once identified, baseline hemodynamic and two- 
dimensional echocardiographic data were acquired. There- 
after, the left circumflex coronary artery was occluded, and 
at 1 h after occlusion, hemodynamic and two-dimensional 
echocardiographic data Y?J: again acquired. 
Autoradiographic amuysls. At 30 min after occlusion, 
technetium-99m (600,000 radioactive microspheres, 20pm 
diameter) was injected into the left atrium for subsequent 
autoradiographic analysis d the jeopardized myocardium. 
At the conclusion of the experimental protocol, the dogs 
were killed with potassium chloride injection and the heart 
was excised. The left ventricle was dissected from the 
surrounding tissue, cooled in a freezer for 15 min and sliced 
into 5 mm transverse s ctions. For in vivo area at risk 
determination, the 5 mm slices of the left ventricle were 
exposed for 18 h on an 8 x 10 in. (20.3 x 25.4 cm) sheet of 
high speed X-ray film attd developed on an X-Omat auto- 
matic processor. Normally perfused tissue appeareu as an 
area of high radiographic density on the final autoradiogram, 
whereas the hypoperfused tissue appeared as an area of 
lesser or absent radioactivity. Al! slices were traced, and 
both the endocardial and epicardial margins were trace 
a clear acetate overlay. After superimposing the tracing 
the autoradiogram, theboundary of the hypoperfused area 
was hand-drawn at the edge of the zone of decreased 
radiographic density. The midpapillary muscle slice corre- 
sponding to the two-dimensional echocardiogram was iden- 
tified, and the endocardial circumferential extent d hypo- 
perfused myocardium was measured indegrees with a pro- 
tractor. 
Two-dimensional th use of 
a Diasonics minico system, 
end-diastolic and end-systolic frames were selected for anal- 
ysis using the onset of the Q wave in electrocardiographic 
lead I1 to define nd-diastole and the smallest ventricular 
cavity to define nd-systole. An observer carefully traced 
endocardial nd epicardial borders directly from the video 
display, using the digitizing tablet for three consecutive 
beats. Our laboratory (!9,20) has previously validated our 
two-dimensional echocardiographic measurements. Quanti- 
tative analysis was performed with use of a radial contrac- 
tion model and a fixed diastolic enter d mass at 22.5” 
intervals over the full 360” circumference. For correction of 
rotation, the midpoint of the posterior papillary muscle was 
fixed at 135”. 
Wall thickming (%) was calculated as: (end-systolic wall 
diastolic wall thickness)/end-diastolic wa l 
The mean wall thickening (+-SD) was 
calculated for three normal beats, and 95% tolerance limits 
for normal were established in each dog. A functional map of 
the normal range of wall thickening for each dog was used 
for comparison with occlusion values. Abnormally reduced 
functional variables were expressed as the circumferential 
extent (in degrees), and the degree ‘.Cdysfunction (i square 
centimeters) was measured directly from each occlusion 
function map. The extent of dysfunction was measured at 
the curve intercepts between the occlusion and the normal 
maps; the degree of dysfunction was measured asthe area of 
the map. determined byplanimetry, that was abnormal. 
Statistical analysis. All data re expressed asmean values 
f SD. The unpaired Student’s t test was used for analysis of 
hemodynamic and functional variables. In all cases, the 
probability (p) value CO.05 was considered to be statistically 
significant. 
W4UltS 
emodynamic indexes. After coronary occlusion, there 
were no significant changes inheart rate in either group of 11 
dogs (Table 1). However, the by~e~~~ction gr up had a 
significantly iower heart rate during ischemia than did the 
group without hyperfunction. Although mean arterial pres- 
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Figure B. Circumfere ltial feft ventricular function maps in a dog 
demonstrating regional hyperfwnction (a) and a dog Gth no regional 
hyperfunction (b). Note the larger extent of dysfunction in the dog 
with no regimal hy~er~uflctiQ~~ 
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wall thickening during ischemia in the nonischemic zone 
(50 f go/O to 76 + 15%. p c 0.0005), whereas dogs in the 
nonhyperfunction group had a slight decrease inthickening 
(51 f 12% to 45 2 14%. p = 0.05) (Table 2), although it
generally remained within the normal tolerance limits. Wall 
thickening responses in the ischemic area were similar in 
both groups. During ischemia, the same degree of wall 
thinning occurred in the central ischemic area in the two 
groups (-8 f 13% versus -9 + II%, p = NS), suggesting 
that equivalent degrees of ischemia were produced (21). 
Relation of hyperfunction to extent of dysfunction and area 
at risk. The region at risk was measured in IO dogs in each 
group. After coronary occlusion, the region at risk was 
similar in both the hyperfunction a d nonhyperfunction 
groups (412 6% versus 37 r 12%, p= NS) (Fig. 2). Despite 
this, there was a difference inthe functional response tothe 
ischemia. Inthe hyperfunction group, the extent of dysfunc- 
tion was 136 + 33”, or 38% of the left ventricular circumfer- 
ence, whereas inthe nonhyperfunction group, it was 179 + 
43” (p < O.Ol), or 50% of the left ventricular circumference. 
Regional nonisehemic byperfunction. Our results indicate 
that after acute coronary occlusion, onischemic hyperfunc- 
tion is associated with improvements in the extent of ische- 
mic left ventricular dysfunction and in global function. 
Despite similar degrees of left ventricular dilation during 
ischemia, suggesting similar levels of preload in the two 
groups, the occurrence ofregional nonischemic hyperfunc- 
tion was associated with an improved global left ventricular 
response with improved preservation f ejection fraction. In 
addition, the occurrence of hyperfunction was associated 
with a lesser extent of dysfunction despite similar myocar- 
dial areas at risk. Thus, our results uggest that nonischemic 
hyperfunction minimized the total extent of dysfunction and 
the global functional impact of the ischemic insult. In this 
way, nonischemic hyperfunction may act as a true compen- 
satory functional mechanism. 
The phenomenon f nonischemic hyperfunction during 
acute myocardial ischemia was initially described by Na- 
kano (22) using epicardial strain gauges. Since then, a 
number of investigators u ing a variety of techniques have 
further xamined this phenomenon. Most experimental stud- 
ies have been performed using unidimensional techniques, 
such as sonomicrometry, so that interrelations between 
regional and global eft ventricular effects and between 
ischemic and nonischemic functional events have not been 
fully explored because of the spatial constraints a sociated 
with these techniques. However, not all investigators (17~8) 
have found apparent hyperfunction in the nonischemic ar- 
eas. Although there may be methodologic explanations for
these discrepancies because picardial strain gauges were 
used in these studies, amore likely explanation is that here 
may be variability inthe apparent hyperfunction that occurs 
as a result of several physiologic factors. 
Mechanism of nonischemic hy nctian. The mecha- 
nism of remote hyperfunction d acute ischemia has 
been attributed to a combination of pathophysiologic re-
sponses. During acute ischemia, left ventricular cavity dila- 
tion occurs, which evokes a Frank-Starling response inthe 
nonischemic myocardium. In addition, this Frank-Starling 
mechanism ay be a more important factor in the open chest 
model than in the closed chest setting because l ft ventric- 
ular dilation during regiona ial ischemia isgreater 
in the open chest condition. this traditional Frank- 
Starling explanation for n ic hyperfunction was 
recently challenged by Goto et al. (IO). In their studies of 
acutely ischemic excised hearts, they observed regional 
hyperfunction without utilization of a Frank-Starling mech- 
anism or an enhancement of regional contractile state. They 
suggested that regional intraventricular unloading in nonis- 
chemic areas into the ischemic areas is the primary mecha- 
nism of regional hyperfunction in the nonischemic zone. In 
support of this, Lew et al. (7) recently demonstrated in an 
intact animal model that regional intraventricular unloading 
was the main contributor tothe phenomenon. They found a 
progressive r placement of systolic shortening in the ische- 
mic zone by lengthening during isovolumetric systole and 
with akinesia during the ejection phase. A third mechanism 
that has been proposed for regional hyperfunction is related 
to the occurrence of increased sympathetic stimulation after 
coronary occlusion. However, the relative contribution of
this latter mechanism is questionable, because nonischemic 
hyperfunction is observed in the excised heart preparation, 
free of systemic neurohumoral influences (IQ), and in the 
intact heart after autonomic blockade (7). 
Impact of regional hy~~unctiQn on glob 
data suggest that regional hyperfunction may contribute to 
an overall improvement i  global ventricular performance as 
reflected by increases in the two-dimensional echocardio- 
graphic area ejection Fraction. Because we did not have 
sufficient temporal resolution to distinguish between isovol- 
umetric and ejection phase vents, we could not measure the 
relative contribution of these two events to total systolic 
shortening. However, their relative contribution remains 
controversial because some investigators (7,lO) have ob- 
served shortening during the isovolunretric period, whereas 
others (9,23) have not. Given the fact that the extent of 
dysfunction was less in the group with nonischemic hyper- 
function despite asimilar degree of systolic thinning in both 
groups, the improved global performance w  observed does 
not appear to be totally explained by regional ventricular 
unloading. If this were the total explanation, the group with 
the greater extent of dysfunction should have had the 
greatest degree of hyperfunction, but this was not the case in 
our study. Our data suggest that regional hyperfunction does 
provide some compensatory improvement i  global ventric- 
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tions is that the response of the remote nonischemic myo- 
E 
ely determines th 
Pn this case, the 
be associated with a greater 
may be accompanied bya larger functional border zone. 
However, to prove this hypothesis, direct c~rcumfereotial 
flow-function studies are required. 
It was somewhat surprising Fhat Fhe presence 01 hyper- 
was not relured to the size oftke ~~o~u~dia~ area at 
wever, this apparent lack of difference isprobably 
explained by the fact that the regions at risk in our study 
were relatively uniform because coronary occlusion was 
performed ai the same proximal location in the same left 
circumflex coronary artery. Had we varied the occlusion 
location and thus created ifferent risk regions, it is likely 
that a relation between the size of the risk area and the 
presence of hyperfunction would have been noted. This 
argument is supported by the work of Lew et al. (7), who 
noted that the relation between the increase in segment 
shortening in nonischemic areas changed with alterations in 
the zone of ischemia. 
Clinical sigaificmce. Our observations related to hyper- 
function during acute myocardial ischemia have clinical 
significance and correlates. Several clinical studies have also 
examined nonischemic hyperfunction i patients during 
acute myocardial infarction. Although yperfunction is com- 
monly observed, it may be modified by concomitant disease 
in the coronary arteries erving that region fl5,W. The 
mechanism for this appears to be related to relative hypo- 
perfusion to that zone if blood flow cannot increase appro- 
if the contralat- 
ictors of survival. 
onal dysfunction. T 
are consistent wit 
also suggest that a 
ve~t~~c~lar performa 
The time course and evolutionary changes in nonischemic 
y~e~~~ct~o~ require further study. 
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